Fabric assemblies for firefighting clothing have been tested for heat protection and comfort. The constituent materials and fabric structures have been specifically selected and tailored for firefighters' clothing. In order to do this, four types of outer shell fabrics, four types of moisture barrier fabrics, and four types of heat barriers with different weights and material compositions were used to make a multilayered fabric assembly. Heat transfer (flame), heat transfer (radiant), and water vapour resistance tests were conducted according to the latest EN469 test standard which also recommends washing tests. These tests reveal that material content and material brand have considerable effect on the required performance levels of heat protection. In addition, while washing tests have improved water vapor transfer properties, they have a deteriorating effect on heat protection performance. Considering heat protection and moisture comfort properties, the optimal assemblies are thereby identified.
Introduction
Body temperature is one of the four vital signs that are standard in medical settings along with heart rate, blood pressure, and respiratory rate. Vital signs are measurements of the physiological condition of the human body and reveal the body's ability to regulate body temperature, maintain blood flow, and oxygenate body tissues [1] .
Thermal stress generally occurs due to a failure of the thermoregulatory system to keep body core temperature within its boundaries [2] . Thermal stress is not caused by any diseases but results from a combination of various factors such as extra metabolic heat generation within the body during exercise, prolonged exposure to an extremely hot thermal environment (high air and radiant temperature and high humidity), low air velocity, and reduced evaporation of sweat [3] . When the body becomes unable to cool itself, heatinduced illness such as heat stress and heat exhaustion may result.
The level of the heat and vapour transfer rate from the human body to the outer environment determines heat stress. In addition to this, heat capacity and moisture absorption also have effect on heat stress. The parameters affecting this rate are thermal resistance (Rct) and moisture vapour resistance (Re) [4] . At this stage, if the situation is not treated quickly, it may lead to a deadly form of heat illness called heat stroke which might occur when the core body temperature exceeds 40 ∘ C [5, 6] . The aforementioned scenario is a big concern for people who are exposed to heat for prolonged periods of time and this applies generally to firefighters due to their working conditions. Normally, the human body makes adjustments in the vasomotor tone in order to retain its core body temperature [7, 8] . If these adjustments are not enough to maintain the temperature within its set limits, additional mechanisms, such as sweating, are initiated [9] . It is also found that when the human body is exposed to radiant heat at the level of 4 kW/m 2 , second-degree burn occurs in 30 2 Advances in Materials Science and Engineering seconds [10] . Thus, when clothing is designed for firefighters, it should not only offer flame resistance but also allow a high level of wearing comfort in terms of allowing vapor transfer from the body to reduce the excessive heat on human body. Not only the protective performance of the clothing is greatly dependent on the presence of moisture, but also the thermal protection of the clothing is also affected by the amount of moisture and its distribution, types of materials used for the clothing system and the design of clothing, and the level of thermal intensity [11] [12] [13] . Accumulated moisture on the human skin and in the fabric ensembles can alter the level of protection. In one study, it was proven that moisture has both positive and negative effects on the thermal protection performance of the protective clothing [14] . The presence of moisture in the clothing system can actually improve the thermal protection under low radiant [15] . Typical protective firefighter clothing is made of three different layers [16] . The outer layer of the structure is flameresistant material that is generally constructed through the application of a flame retardant finish [17] and extrusion with flame retardant additives [18] or by using inherently flame resistant materials. The use of inherently flame resistant materials does not require any additional process or additives [19] . On the other hand, these fibers are generally blended with other fibers in order to reduce production costs and improve comfort properties. These high performance flame retardant fibers include organic materials but are not limited to aramid including p-aramid and m-aramid (polyimide (PI), polybenzimidazole (PBI), polyethylene-2,6-naphthalate (PEN), and p-phenylene-2,6-benzobisoxazole (PBO)) [20] . A recent study showed that when the p-aramid content of the structure increases, it has a negative impact on the flame-resistant properties of the structure. Thus, it was found that a p-aramid content of the structure between 5% and 23% has optimum properties in terms of flame resistance [21] . The moisture barrier of the structure is the middle layer and prevents high temperature water vapor, chemicals, and other pathogens from entering the clothing. Woven or nonwoven backing substrate with a permeable film layer is generally used as a moisture barrier [22] . The third layer of the clothing is a thermal liner that provides thermal protection for the wearer with its nonwoven or porous padding structure [12] .
The flame retardant property is the main concern for firefighter clothing. In addition to this, comfort properties are also crucial for improving the wearer's performance and the reduction of heat stress related issues. Weight and materials combinations are important parameters in order to optimize functional properties as well as comfort properties. Thus, some studies have focused on the evaluation of these parameters. According to Mandal et al. the protective performance of the clothing system in flame and heat exposures is dependent on the absorptivity and thermal insulation of the fabric system [23] . Cui and Zhang found that the outer shell and the moisture barrier have significant effects on the TPP rating of assemblies [24] . They measured thermal protection performance and vapor transmission rate on the basis of 16 different combinations and found the optimum variation. In another study, it was revealed that material weight and thickness have a direct impact on the moisture vapor resistance value and they matched different materials in order to maintain a balance between heat and vapor transfer [25] . Keiser et al. also found that the moisture content of a single layer is not only dependent on the material properties of that particular layer but mainly on the properties of the neighboring layers or even of the whole combination [26] . Thus, it is crucial to test the whole assembly instead of testing individual layers of the protective clothing structure. Song et al. also examined multilayer fabrics by analyzing stored thermal energy in multilayer fabrics and thermal protective performance of clothing. The study revealed that while multilayers provided a better insulation, a large amount of thermal energy may be stored in the system because of this structure, potentially causing skin burn injuries [27] .
Heat transfer occurs by thermal radiation, convection, and conduction or a combination of these mechanisms [28] . Firefighters spend about 5-10% of their duty time exposed to extreme heat and flame [29] . Thus, radiant or convective heat causes major hazards during the firefighting. As known, applied standards for firefighting clothing vary depending on the region. Thus, requirements for US, EU, or other parts of the world are different from each other. In this, we will investigate the effect of different material combinations on heat and moisture performance of firefighter clothing using heat transfer (flame), heat transfer (radiant), and water vapor resistance tests according to the EN469 test standard which is summarized in Table 1 . According to our best knowledge, this will be the first study to also show the effect of washing cycles on performance of the assemblies according to latest EN469 which recommends performing of washing cycles. EN469:2014 Level 2 shows the higher requirement for structural firefighting and is used by professional trained firefighters. The following section describes the materials and their combinations as well as test equipment and methods. The third part reports the results obtained from the experimental procedure and discussion of heat and moisture transfer properties of the fabric assemblies.
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Materials and Methods
In this study, different types of fabrics were combined to make a multilayered fabric assembly for firefighter turnout suits. Four types of outer shell fabrics, four types of moisture barrier fabrics, and four types of heat barriers with different weights and materials' compositions were chosen for the experimental study. Characteristics of the materials are listed in Table 2 .
In this study five types of material assemblies were created as Assembly 1, Assembly 2, Assembly 3, Assembly 4, and Assembly 5 considering market demand in terms of protection and cost issues. Figure 1 shows the image of protective fabric structure of Assembly 1 with its three layers.
Heat Protection Performance.
Thermal protective performance of the multilayered fabric assemblies was tested according to EN-469:2014 6.3 and 6.4. In order to evaluate the behavior of the fabrics, the heat flux density was arranged to 80 kW/m 2 and 40 kW/m 2 for heat transfer-flame test and heat transfer radiation using WAZAU TPP DIN ISO 9151 and HBP DIN ISO 6942 instruments, respectively (Figure 2 ). The heat flux density represents the amount of energy incident per unit time on the exposed face of the specimen. The heat protection properties of the multilayer fabrics were determined by measuring the amount of the time to reach a temperature increase of 12 or 24 ∘ C in a calorimeter according to the applied latest standard. Heat protection performance tests determine the threshold of pain in which first degree of burn occurs as well as the moment that second-degree burns originate and the reaction time (the time between RHTI 12 and RHTI 24 ).
The washing tests were performed for five washing cycles according to ISO 6330:2012 (6N/A) * 5. After washing tests, heat transfer-flame test and heat transfer radiation tests were repeated owing to the updated EN-469:2014 6.3 and 6.4 Standard. Prior to testing, all the specimens were conditioned for 24 H at a temperature of (20 ± 2) ∘ C and relative humidity of (65 ± 2)%. The evaluation of the test results was presented by Heat Transfer Index (HTI) where it shows the calculated mean time in seconds to achieve a temperature rise of (24 ± 2) ∘ C when testing by these instruments.
Water Vapor Resistance
Performance. The water vapor resistance performance of the multilayered fabric assemblies was tested according to EN-469:2014 6.13 using sweating guarded-hotplate instruments from MTNW SGHP-8.2 as seen in Figure 3 . The test conditions were set to 35 ∘ C, 40% RH, and 1.00 m/s. The tests were repeated after five washing cycles performed according to ISO 6330:2012 (6N/A) * 5. During the tests, the specimen was placed on an electrically heated plate with conditioned air ducted flow across and parallel to its surface. Water fed to the heated plate evaporates and passes as vapor through the liquid-water impermeable membrane which the specimen was placed over it. The heat flux is given to the plate to keep the temperature constant at the plate with the test specimen placed on the membrane, which represents a measure of the rate of water evaporation in accordance with water vapor resistance.
Results
During the firefighting or physical exercise of the firefighter, the heat resistance and the water permeability of the protective garment worn by the firefighter should be higher in order to meet standard's requirements. Therefore, the material combinations in terms of thermal protection as well as comfort issues should be optimized well. The thermal protective performance of the assemblies mentioned in this study was examined according to conducted heat transferflame tests and heat transfer-radiation tests. Thereafter, the assemblies satisfying thermal protection were evaluated by conducting the water vapour resistance tests for comfort aspects. For instance, Assembly 1 and Assembly 3 subjected to tests are shown in Figure 4 .
Since effect of the washing cycles on performance of the protective clothing is one of the major aims of this study, statistical analysis has also been applied in order to see whether washing cycles affect performance of the clothing or not. -test was used to compare samples before and after being subjected to washing cycles. values were calculated through the -test and results were discussed.
Heat Transfer-Radiation Test Results of the Multilayered
Assemblies. Table 3 lists the results of the heat transfer radiation index RHTI 24 (the time to reach a temperature increase of 24 ∘ C) and the difference RHTI 24-12 (indication of the skin pain alarm time) for assembly configurations. The measurements were repeated three times for each kind of combination according to standard and the index obtained at each single test is significantly important for evaluation. Thus, it should be noted that the performance of the specimens was classified according to the lowest single result on the basis of EN-469 test standard. Advances in Materials Science and Engineering 5 As seen in Table 3 , all assemblies have obviously presented radiant protection with Level 2 which is the higher requirement for structural firefighting that is used by professional trained firefighters. Moreover, it was observed that the performances of the assemblies generally showed a slight decrease after washing as it is expected due to the mainly decreasing level of functional finishes. However, Assembly 4 and Assembly 5 showed significant difference according to the values as shown in Table 3 . In addition, Assembly 5 showed the highest radiant protection among samples with the 24.7 and 7.8 seconds for HTI 24 and HTI , respectively. This may be attributed to its higher total area mass of multilayer structures.
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When Assembly 1 and Assembly 2 are taken into consideration, their moisture barrier and thermal heat barrier have the identical material content and structural properties. Although the materials content of the outer shells is the same for these two assemblies, they differentiated regarding the material brand and this varied outer shell thickness. Thus, outer shell with higher thickness, that is, 0.47 mm for Assembly 2, showed better heat protection compared with Assembly 1. Despite the usage of the same outer shell (O2) in Assembly 2 and Assembly 4, the results also showed differences due to the change in moisture barrier and heat barrier. Even though the heat barriers' material contents of the structures are the same, their weights are different from each other. These differences caused variation in total thickness and mass. In this case, Assembly 2 has higher mass and thickness compared with Assembly 4 and this yielded higher radiant heat performance. Thus, differences in overall weight of the structure may result in increased level of radiant heat performance.
Heat Transfer-Flame Test Results of the Multilayered
Assemblies. With reference to Table 4 , it is clearly observed that only Assembly 1 and Assembly 2 showed protection against flame in accordance with level 2 according to the applied standard while the rest of the assemblies showed protection against flame in accordance with level 1.
Outermost layer of the assemblies has proximal contact with flame unlike test. Therefore, the temperature increase in the outer hell structure was probably much higher during the heat flame test at 80 kW/m 2 than during radiant heat test at 40 kW/m 2 . Thus, the overall heat protection performances of the structures present lower performance values compared to radiant test results. In all cases, washing cycles have also deteriorating effect on heat protection performance similar to aforementioned radiant heat test results. However, it was found that only results of Assembly 1 showed significant difference in HTI 24 and HTI 24-12 tests. Assembly 2 and Assembly 3 showed significant difference only in HTI 24 test.
Although the meta-aramid fibre content of the outer shell fabric of Assembly 5 is higher than Assembly 2 and Assembly 3, it was expected to show higher heat protection performance for flame test. This assumption has also been proven in previous works [25, 27] . However, during the experimental tests it was found that Assembly 5 demonstrated Advances in Materials Science and Engineering 7 lower performance even though it has a higher overall mass. This can be attributed to the brand differences which may have significant effect on the protection performance of the selected fibers. Comparing Assembly 1 and Assembly 2 can also prove this phenomenon with respect to outer shell fabric.
Water Vapor Resistance Results of the Multilayered Assemblies.
The assemblies satisfying thermal protection, namely, Assembly 1 and Assembly, were further evaluated by performing the water vapour resistance tests for comfort aspects. In this case, water vapour resistance (RET) of clothing indicates how well it can transport water vapour to the environment, which affects the thermal comfort during firefighting [30] . Table 3 shows the RET values of samples with respect to any additional treatment and washing cycles. According to Table 3 , the RET values in all cases are lower than ≤30 m 2 Pa/W, which is the requirement for level 2. Thus, these 2 assemblies show good water vapour permeability which is crucial property for the design of firefighting clothing. In addition, it was observed that the water vapour resistance of the samples decreases with washing. In other words, the water vapor transmission within the fabric structures becomes easier due to the decreasing of fabric finishing as well deformation of the fabric structure, and this leads to fabric structure to be felt more comfortable by the user. This can be seen from Table 5 . According to the values ( < 0.05), there is significant difference between washed samples and unwashed samples in terms of water vapour resistance test results.
Conclusions
In this research study, the effects of different material combinations on heat and moisture performance of the firefighter clothing were investigated using heat transfer (flame), heat transfer (radiant), and water vapor resistance tests according to the EN469 test standard. While washing test has detrimental effect on heat protection performance, it improved water vapor transmission of the samples that is beneficial for the comfort of the wearers. Also, the overall material weight of the layers has improving effect on the radiant heat protection level; however, fabric assemblies according to their brand have showed different kind of protection levels independent from their material weight. Thus, it cannot be stated that there is a positive correlation between heat protection level and materials' weight. This can be true to some extent if the brands of the fabric layer are chosen as identical. While all the samples presented high level of protection when they are exposed to radiant heat, they presented reduced protection levels for heat transfer-flame test. This can be obviously attributed to proximal contact of samples with the flame. Overall, Assembly 1 and Assembly 2 showed better performance properties in terms of comfort and heat protection.
